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Abstract 

In type II seesaw utilized to explain the observed neutrino masses and mixings, one extends 
the Standard Model (SM) by introducing scalar fields which transform as a triplet under the 
electroweak gauge symmetry. New scalar couplings involving the Higgs doublet then appear 
and, as we show, these have important implications for the Higgs boson mass bounds obtained 
using vacuum stability and perturbativity arguments. We identify, in particular, regions of the 
parameter space which permit the SM Higgs boson to be as light as 114.4 GeV, the LEP2 
bound. The triplet scalars include doubly charged particles whose masses could, in principle, 
be in the few hundred GeV range, and so they may be accessible at the LHC. 



1 E-mail: ilia@physics.udel.edu 

2 E-mail: okadan@post.kek.jp 

3 E-mail: shafi@bartol.udel.edu 



The discovery of the Standard Model (SM) Higgs boson is arguably the single most im- 
portant mission for the LHC Under the somewhat radical assumption that the next energy 
frontier lies at Planck scale (Mpj), it has been found that the SM Higgs boson mass lies in the 
range 127 GeV < Mh < 170 GeV pp. Here the lower bound of 127 GeV on Mh derives from 
arguments based on the stability of the SM vacuum (more precisely, that the Higgs quartic 
coupling does not turn negative at any scale between Mz and Mpi). Thus, from the point of 
view of the SM it is perhaps not too surprising that the Higgs boson has not yet been found. 
The upper bound of about 170 GeV on Mh comes from the requirement that the Higgs quartic 
coupling remains perturbative and does not exceed yAn, say, during its evolution between Mz 
and Mpi. 

It has become abundantly clear in recent years that an extension of the SM is needed to 
explain a number of experimental observations. These include solar and atmospheric neutrino 
oscillations [2], existence of non-baryonic dark matter [3], the observed baryon asymmetry of 
the universe, etc. Neutrino oscillations, in particular, cannot be understood within the SM, 
even after including dimension five operators with Planck scale cutoff. These operators yield 
neutrino masses of order 10 -5 eV or less, which is far below the 0.05-0.01 eV scale needed to 
explain the observed atmospheric and solar neutrino oscillations, respectively. 

Two attractive seesaw mechanisms exist for explaining the measured neutrino masses (more 
accurately, mass differences squared). In the so-called type I seesaw [4], new physics is added 
to the SM by introducing at least two heavy right-handed neutrinos. The seesaw mechanism 
then ensures that the observed neutrinos acquire masses which are suppressed by the heavy 
right-handed neutrino mass scale (s). One expects that the heaviest right-handed neutrino has 
a mass less than or of order 10 14 GeV (This, roughly speaking, comes from the seesaw formula 
m D /Mn for the light neutrino mass, where mo and Mr denote the Dirac and right-handed 
neutrino masses, respectively, and assumes that mo is less than or of order the electroweak 
scale) . 

In type II seesaw [5], the SM is supplemented by a SU(2) L triplet scalar field A which also 
carries unit hypercharge. There exist renormalizable couplings £ T A£ which enable the neutrinos 
to acquire their tiny (observed) masses through the non-zero VEV of A. 

From our point of view one of the most interesting features in type II seesaw derives from the 
fact that the SU(2)x triplet A interacts with the SM Higgs doublet via both cubic and quartic 
scalar couplings. These, as we will show in this letter, can have far Teachings implications for 
the SM bounds on Mh, which can be studied by employing the coupled renormalization group 
equations(RGEs) involving the SM Higgs doublet and A. We find, in particular, that for a 
plausible choice of parameters, the SM Higgs boson mass Mh can be as low as the LEP2 bound 
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of 114.4 GeV. 

This is in sharp contrast with type I seesaw in which the lower bound of 127 GeV for Mu 
is increased by the presence of Dirac Yukawa coupling(s) involving right-handed neutrinos [6]. 
With a Dirac Yukawa coupling equal, say, to unity, the vacuum stability bound is increased to 
156 GeV, while the perturbativity bound remains close to 170 GeV. The key difference is that 
in type II seesaw a mass for the SM Higgs boson, say in the range of 115 - 127 GeV, is easily 
realized, which is not the case for type I seesaw. 

Before moving to the technical part let us note that A contains doubly charged particles 
which, if not too heavy, may be produced at the LHC and Tevatron [7j. It is amusing that with 
type II seesaw, a 'light' SM Higgs is consistent with relatively light A particles with masses 
around a few hundred GeV. Of course, it may turn out that the mass scale for A lies well above 
the TeV range, in which case we will only find the 'light' Higgs boson at the LHC. 

We begin by introducing a triplet Higgs scalar A, which transforms as (3, 1) under the 
electroweak gauge group SU(2)iXU(l)y: 

The scalar potential involving both the SM Higgs doublet and the triplet Higgs is given by 
(throughout this paper, we follow the notation of Ref. [8], except that we employ lower case 
Greek letters for dimensionless couplings) 

V(A,<j>) = -mJ(0V) + ^V)2 

+M A tr (A 1 " A) + y (trA f A) 2 + y [(trA f A) 2 - tr (A f AA f A) 



+A 4 0V tr (A f A) + A 5 f [A f , A] + 



^0 T ia 2 A f + h.c. 
_v2 



(2) 



where <fi (2, 1/2) is the SM Higgs doublet. Without loss of generality the coupling constants 
Xi are taken to be real through a phase rotation of A. Note that we define a dimensionless 
parameter A 6 = A 6 /Ma- The triplet Higgs has a Yukawa coupling with the lepton doublets 
(t L , with generation index i) of the form, 

C A = ~ (y A ) w ifda.Aii + h.c, (3) 

where C is the Dirac charge conjugate matrix and (^a)^ denotes elements of the Yukawa 
matrix. 

Assuming the hierarchy Mz <C Ma an d integrating out the heavy triplet Higgs, we obtain 
a low energy effective potential for the SM doublet, 

V^U = -mJ(0V) + I (A - XI) (4) 
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Below Ma the SM Higgs quartic coupling is given by [9] 




(5) 



For a given A 6 , the Higgs quartic coupling is shifted down to the SM coupling by Ag through 
this matching condition at p = Ma, so that the resulting Higgs boson mass, as we will show, 
is lowered. 

A non-zero VEV(t> = 246.2 GeV) for the Higgs doublet induces a tadpole term for A via the 
last term in Eq. (J2J). A non-zero VEV of the triplet Higgs is thereby generated, (A) ~ \qv 2 /Ma, 
which then provides the desired neutrino masses using Eq. ([3]). 

Note that the triplet Higgs VEV contributes to the weak boson masses and alters the p- 
parameter from the SM prediction, p « 1, at tree level. The current precision measurement [10J 
constrains this deviation to be in the range, Ap = p—\ ~ (A)/t> < 0.01, so that A6 < O.OIMa/u. 
This constraint is especially relevant when we consider Ma ~ TeV, in which case the region 
A 6 > 0.1 is excluded. 

We are now ready to analyze the Higgs boson mass bounds from vacuum stability and 
perturbativity constraints in the presence of type II seesaw mechanism. There are several new 
parameters Ai, A 2 , A 4 , A 5 , A 6 , and which potentially affect the RGE running of the Higgs 
quartic coupling and thus the corresponding Higgs boson mass. We have already noted the 
important role that A6 plays via the matching condition in Eq. (5). It turns out that both 
A4 and A5 will also play an important role through their contributions to the renormalization 
group evolution of the Higgs quartic coupling. They help to lower both the vacuum stability 
and perturbativity bounds on the SM Higgs mass. In our analysis, we employ two-loop RGEs 
for the SM couplings and one-loop RGEs for the new couplings associated with the type II 
seesaw scenario. 

For renormalization scale p < Ma, the triplet Higgs is decoupled. For the three SM gauge 
couplings, we have 



The top quark pole mass is taken to be the central value M t = 170.9 GeV, [TTJ, with (a 1; a 2 , a 3 ) = 
(0.01681,0.03354,0.1176) at the Z-pole (M z ) [10\. For the top Yukawa coupling y t , we have 




(6) 



where g,i (i = 1, 2, 3) are the SM gauge couplings and 
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^ = y t f + 1 & (2) 

rflllyU \167T 2 (167T 2 ) 2 



Here the one-loop contribution is 



A (1) = L 2 -fS 2 + ^ 2 2 + %3 2 ), (0) 



2 « ^ 20 ^i 4 
while the two-loop contribution is given by 

fl( 2 ) 10 4 , ^393 2 . 225 2 2 \ 2 

Pt = ~ 12 Vt + I -gQ-Pi + + 36^ I % 

1187 4 9 2 2 , 19 2 2 23 



600 J1 15* iaa 4 

+^A 2 - 6A</ 2 . (10) 

In solving Eq. (jSJ), the initial top Yukawa coupling at fi = M t is determined from the relation 
between the pole mass and the running Yukawa coupling [13j, [H], 



with y t (M t ) = y/2mt(Mt)/v, where v = 246.2 GeV. Here, the second and third terms in the 
parenthesis correspond to one- and two-loop QCD corrections, respectively, while the fourth 
term comes from the electroweak corrections at one-loop level. The numerical values of the 
third and fourth terms are comparable (signs are opposite). The electroweak corrections at 
two-loop level and the three-loop QCD corrections [H], are of comparable and sufficiently 
small magnitude jH] to be safely ignored. 

The RGE for the Higgs quartic coupling is given by [12J, 



with 



and 



- J_flW + - B {2) (12) 

din fx ~ l6n* Px + (167T 2 )2^ ' [LZ) 



^ = 12A 2 -(^ 2 + 9,2 2 )a + ^|^ + ^2 2 + 22 4 

+12y 2 A-12^, (13) 



4 2) = -78A 3 + 18Q, 2 + 3, 2 )a 2 -^ 

305 6 289 2 4 1677 4 2 3411 6 2 4 16 2 4 9 4 2 
+— 9 2 - ~^-9i92 ~ ~^9i92 ~ J^9i ~ Mg 3 Vt ~ Y 9lVt ~ 2 92Vt 

+10A + \g\ + ^l) Vl ~ \9l (%9l - 2l9l) y\ - 72A 2 y 2 + 60^ 6 . (14) 



The Higgs boson pole mass M# is determined by the relation to the running Higgs quartic 
coupling through the one-loop matching condition [15] , 



X(M H )v 2 = M 2 H (l + A h (M H )), 



(15) 



where 



A h (M H ) 



G F M 2 Z 



V^167T 2 

The functions are given by 
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with = sin 2 6^, c 2 = cos 2 6*iy (6*iy denotes the weak mixing angle) and 

. 2Aarctan(l/A) (z > 1/4) 
' { Aln[(l + A)/(1-A)] (z<l/4), 



(18) 



with A = i/|l - 4z\. 

For ^ > Ma, the triplet Higgs contributes to the one-loop RGEs. Consequently, we replace 
bi in Eq. (J7|) with 



? ('1! _^ 

" ' 10' 2' 
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(19) 



The RGE for the top Yukawa coupling is unchanged. 

The RGEs for the new couplings in Eqs. (|2J) and have been calculated in Ref. [16] and 
more recently in Ref. [8]. The RGE of the Higgs quartic coupling acquires a new entry in 
Eq.dH, 



Px + 6A 2 + 4A 2 . 



(20) 
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Note that in Eq. (20) the contributions from the couplings A4 and A5 are both positive. 
This feature will be crucial in lowering both the vacuum stability and perturbativity bounds 
with type II seesaw. 

For the remaining couplings we have [8], 



2 ^1 / 36 2 2 \ 108 4 4 72 2 2 



+14A 2 + 4AiA 2 + 2A 2 + 4A 2 + 4A 2 + 4tr [S A ] Ai - 8tr [Si] , (21) 

9 d\o f 36 9 9 \ , A 144 9 9 

lfa d4 = -(y 9 ? + 24^A 2 + 12 9 |-- 9 ; 9? 

+3A 2 + 12A X A 2 - 8A 2 + 4tr [S A ] A 2 + 8tr [S A ] , (22) 

i« 2 ^4 / 9 2 . 33 2 \ x . 27 4 4 

16vr — = -^- gi+Yg2 jX 4 + - 9l +6g 2 

+ (8A1 + 2A 2 + 6A + 4A 4 + 6y 2 + 2tr [S A ]) A 4 + 8X 2 5 ~ 4tr [S A ] , (23) 
1C 2 ^-^5 9 2x 33 2 x 18 2 2 

+ (2Ai - 2A 2 + 2A + 8A 4 + 6y 2 t + 2tr [S A ]) A 5 + 4tr [S 2 A ] . (24) 
Here, S A = Y A Y& and its corresponding RGE is given by 

16tt 2 -^ = 6 Si - 3 (\gl + 3gl) S A + 2tr[S A ]S A . (25) 



din// 

In our analysis, we do not consider the RGE for Xq because, at one-loop level, it is decoupled 
from the other RGEs. We assume though that like all other couplings, it remains in the 
perturbative region throughout. However, note that Xq plays an important role in our analysis 
through the matching condition for the Higgs quartic coupling between high and low energies. 
The SM Higgs quartic coupling as the low energy effective coupling is defined in Eq. ((SJ). 
Therefore, the RGE solution of the SM Higgs quartic coupling is connected to the solution for 
the Higgs quartic coupling at high energies through the matching condition at \x = M A [9j. For 
a given A 6 , the Higgs quartic coupling is shifted down to the SM coupling by Ag through this 
matching condition at fi = M A , so that the resulting Higgs boson mass is lowered. 

Next we analyze the RGEs numerically and show how much the vacuum stability and 
perturbativity bounds on Higgs boson mass are altered in the presence of type II seesaw. In 
addition to the matching condition, A4 5 have important effects on the running of the Higgs 
quartic coupling since they appear in Eq. (|20|) . Their contributions are positive and these 
couplings work so as to reduce the Higgs quartic coupling at low energies. Consequently, we 
can expect that the resultant Higgs boson mass tends to be reduced from the effects of A6 and 
A4.5 in type II seesaw. Although the other parameters A1.2 and F A are not involved in the RGE 
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of Higgs quartic coupling, they, of course, do affect the Higgs boson mass through their RGEs 
coupled with A 4)5 . To keep the discussion as simple as possible we proceed as follows. We 
first investigate the Higgs boson mass bounds by varying A 6 , while keeping the other(non-SM) 
parameters fixed. We show that a Higgs mass as low as the LEP 2 bound can be realized in 
this case. With the seesaw scale at TeV, however, the lower bound on the Higgs mass is closer 
to 120 GeV. For our next examples we vary A 5 , keeping the other(non-SM) parameters fixed. 
This case yields a lower bound of 114.4 GeV for the Higgs boson mass which is compatible with 
a low ( TeV or so) seesaw scale. 

Fixing the cutoff scale as M Pi = 1.2 x 10 19 GeV, we define the vacuum stability bound as 
the lowest Higgs mass given by the running Higgs quartic coupling which satisfies the condition 
A(/i) > for any scale between M H < // < M P i. On the other hand, the perturbativity bound 
is defined as the highest Higgs boson mass given by the running Higgs quartic coupling which 
satisfies the condition A(/i) < \f&K for any scale between M H < /i < M P i. 

In Fig. 1, the running Higgs mass defined as a/ A(/i)f for the vacuum stability bound is 
depicted for various A 6 and a fixed seesaw scale Ma = 10 12 GeV. Here we took simple inputs 
as Ai = y/An, A 2 = —1, A 4 = A 5 = and Y A = 0. Fig. 2 shows a running Higgs mass for the 
perturbativity bound for various A 6 with the same inputs for the other parameters as in Fig. 1. 
We find that as A6 is increased, the vacuum stability and perturbativity bounds eventually 
merge. The corresponding Higgs mass coincides, it turns out, with the vacuum stability bound 
for the SM Higgs boson mass obtained with a cutoff scale A = M A . 

In other words, the window for the Higgs boson mass between the vacuum stability and 
perturbative bounds becomes narrow and is eventually closed as A6 becomes sufficiently large. 
Fig. 3 shows the window for the Higgs boson pole mass versus A 6 for various M A . For a suitable 
choice of A 6 and M A , values for M H close to the LEP2 bound are easily realized. Note that 
with Ma of order a TeV or so, the lower bound on the Higgs mass is close to 120 GeV, which 
is still well below the standard value of 127 GeV in the absence of type II seesaw. 

In Fig. 4, a running Higgs mass defined as a/ A(ii)t> for the vacuum stability bound is 
depicted for various A 5 and a fixed seesaw scale Ma = 10 12 GeV. Here we took sample inputs 
as Ai = VAn, A 2 = — 1, A 4 = 0, A 6 = and Y A = 0. Fig. 5 shows a running Higgs mass for 
the perturbativity bound for various A 5 with the same inputs for the other parameters as in 
Fig. 4. This time we find that as A 5 is raised, the vacuum stability and perturbativity bounds 
eventually merge. The corresponding Higgs mass coincides with the vacuum stability bound 
for the SM Higgs boson with a cutoff scale A = Ma- Namely, the window for the Higgs boson 
mass between the vacuum stability and perturbative bounds becomes narrow and is eventually 
closed when A 5 becomes sufficiently large. Fig. 6 shows the window for the Higgs boson pole 
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mass versus A5 for various Ma- Note that with Ma = 1 TeV and A5 close to 0.1, the vacuum 
stability bound for Mh coincides with the LEP2 bound. 

Some comments regarding our analysis are in order here. We employ a set of input parame- 
ters such that all couplings remain in the perturbative regime for Ma < /i < Mp\. For example, 
for an input parameter set, it may happen that Ai^ exceed the perturbative regime at a scale 
Ma < \i < Mp\. We checked that the sample parameter set used in Fig. 1-6 did not cause such 
theoretical inconsistency. To reproduce the current neutrino oscillation data through the type 
II seesaw mechanism, X^Ya should not be zero. A tiny X e would require a very large which 
may cause theoretical inconsistency for the RGEs of Aj (see Eq. (}2~T1) - (I2"4"I) ). For this reason, we 
do not strictly set Xq = and Ya = in Figs. 1-6. However, we can check that the impact of 
Ya in Fig. 3 is negligible when Ya < 0.1. In Fig. 6, the effects from Ya and A6 are negligible 
with Ya, A 6 < 0.1. 

In conclusion, we have considered the potential impact of type II seesaw on the vacuum sta- 
bility and perturbativity bounds on the Higgs boson mass of the SM. There are two main effects 
that we have considered. One is the tree level matching condition for the SM Higgs quartic 
coupling induced by the coupling A 6 at the seesaw (triplet mass) scale. The implications for the 
SM Higgs mass are then studied using the appropriate RGEs. In our second set of examples a 
different coupling, namely A5, plays an essential role, with Aq essentially subdominant. In both 
cases we have identified regions of the parameter space for which the lower bound on the SM 
Higgs boson mass lies well below 127 GeV, the value obtained in the absence of type II seesaw. 
Perhaps the most interesting result from our analysis is that with type II seesaw the SM Higgs 
boson can have a mass as low as the LEP 2 bound of 114.4 GeV. This can be achieved for 
plausible values of the parameters and with the mass scale for the triplet in the TeV range. 
Thus, it is exciting to speculate that the SM Higgs boson, when found at the LHC, may be 
accompanied by additional scalar fields with some carrying two units of electric charge. 
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Figure 1: Evolution of running Higgs boson mass (m/i(yU = a/ X(jJ,)v)) corresponding to the 
vacuum stability bound for various A6 and Ma = 10 12 GeV . Each line corresponds to A6 = 0, 
0.07, 0.1 and 0.118, from top to bottom. 
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Figure 2: Evolution of running Higgs boson mass (m^/i = a/ A(/i)f )) corresponding to the 
perturbativity bound for various A 6 and Ma = 10 12 GeV. Each line corresponds to A 6 = 0, 0.6, 



0.8 and 0.855 from top to bottom. The horizontal line corresponds to Mh = (47r 
GeV. 
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Figure 3: The perturbativity (solid) and vacuum stability (dotted) bounds on the Higgs boson 
pole mass M# versus A6 for various Ma- Each solid and dashed lines correspond to Ma = 10 14 , 
10 12 , 10 9 , 1.14 x 10 7 and 10 3 GeV, from top to bottom. The results for M A = 1 TeV are 
shown only in the region X e < 0.1 consistent with the p-parameter measurement. The dashed 
horizontal line denotes the LEP2 bound Mjj = 114 .4 GeV. 
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Figure 4: Evolution of running Higgs boson mass corresponding to the vacuum stability bound 
for various value A5 and Ma = 10 12 GeV. Each line corresponds to A5 = 0.3, 0.22, 0.2, 0.15 and 
0, from top to bottom at log 10 (/i/GeV) = 19. 
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Figure 5: Evolution of running Higgs boson mass corresponding to the perturbativity bound 
for various A5 and M A = 10 12 GeV. Each line corresponds to A5 = 0, 1.0, 1.25 and 1.35, from 
top to bottom. The horizontal line corresponds to Mh = (47r) 1/,4 t> = 464 GeV. 
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Figure 6: The perturbativity (solid) and vacuum stability (dotted) bounds versus A5 for various 
M A . Each solid and dashed lines correspond to M A = 10 14 , 10 12 , 10 9 , 1.14 x 10 7 and 10 3 GeV, 
from top to bottom. The dashed horizontal line denotes the LEP2 bound Mh = 114.4 GeV. 
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